We have used 3-D coupled field structural finite element models to study the acoustic wave propagation characteristics of diamond/AlN/LiNbO 3 multilayered piezoelectric surface acoustic wave devices for applications in chemical and biological sensing. These devices were studied as a method to increase device frequency and sensitivity, and maintain standard fabrication procedures. Although recent experimental investigations have realized GHz frequency devices based on such multilayered substrates, very little is known about the acoustic wave propagation characteristics in these devices.
Introduction
Surface acoustic wave (SAW) devices that operate at high GHz frequencies, present low insertion loss, and retain superior performance are critical for chemical & biological sensing as well as for communications applications. The operating frequency of SAW devices is directly proportional to the substrate's acoustic wave velocity and inversely proportional to the spatial periodicity of the interdigital transducers (IDTs). This makes the fabrication of GHz frequency devices based on bare substrates such as LiNbO 3 difficult as it requires submicron or nanometric IDTs, which are difficult to achieve using standard lithographic techniques.
Most of the recent research has focused on advanced SAW filters and sensors based on multilayered structures which could allow for operational frequencies in the GHz frequency range 1 . The operating frequency of SAW devices is directly proportional to the substrate's acoustic wave velocity; hence the highest acoustic wave velocity material (diamond) is needed for fabrication of GHz frequency devices. The aluminum nitride piezoelectric layer also has a very high acoustic wave velocity and a fairly large piezoelectric coupling coefficient along its c-axis, in comparison to other piezoelectric materials. Hence, the highest frequency SAW devices can be expected on diamond substrates with an aluminum nitride piezoelectric layer. This would make it possible to realize GHz frequency devices with standard transducer configurations. Although recent experimental investigations have realized GHz frequency devices based on such multilayered substrates, very little is known about the acoustic wave propagation characteristics in these devices. Identifying the optimum configuration ( Fig. 1) and thickness of the various layers involved still represents a challenge 2 . The models commonly used to simulate the mechanical and electrical behavior of piezoelectric transducers, to study acoustic wave propagation, generally introduce simplifying assumptions that are often invalid for actual designs 3 . The geometries of practical transducers are often two (2-D) or three dimensional (3-D) 4, 5 . Simulations of piezoelectric media require the complete set of fundamental equations relating mechanical and electrical quantities to be solved. Finite difference or finite element schemes are sufficient to handle the differential equations [6] [7] [8] [9] [10] [11] . The finite element method has been preferred because it allows handling of complex geometries and multilayered composite structures. Our previous investigations also indicate the feasibility of the finite element models to study acoustic wave propagation in piezoelectric devices [9] [10] [11] .
In the present work, we use 3-D coupled field structural finite element models to study the acoustic wave propagation characteristics in these multilayered piezoelectric 
Theory
The propagation of acoustic waves in piezoelectric materials is governed by the mechanical equations of motion and Maxwell's equations for electrical behavior [12] [13] [14] . The constitutive equations of piezoelectric media in linear range coupling the two are given by:
In the above equations, T ij represent the components of stress, 
The equation of motion in the absence of internal body forces is given as
where ρ is the density and u i represent the components of displacement. Substituting and rearranging the above set of equations leads to a system of four coupled wave equations for the electric potential and the three component of displacement in piezoelectric materials which are solved for the piezoelectric substrate or the solid domain:
These coupled wave equations can be discretized and solved for generating displacement profiles and voltages at each element/node using the finite element method 15 .
Computational details

A. Model parameters
A coupled field finite element structural model is utilized to study the acoustic wave (1) An impulse input of 10 V over 1 ns is applied to study the frequency response of the device.
(2) AC analysis with a 5 V peak-peak input and 100 MHz frequency to study the wave propagation characteristics in the multilayered substrates.
Results and discussion
A. Impulse response analysis
By applying an impulse function as an input, the frequency response can be calculated [5] . For the impulse response analysis, it is important that we scan a sufficient range of frequencies up to the GHz range. Hence, the structure was simulated for a total of 200 ns, 
B. AC response analysis
The application of an AC electrical signal on the input transducer fingers results in generation of a mechanical wave which then propagates towards the output transducer fingers. The coupled field finite element model developed in the present study is able to capture the generation and propagation of SAWs on multilayered piezoelectric substrate as shown in Figs. 5-8. Our simulated displacement profiles along the longitudinal, surface normal and shear horizontal directions indicate that Rayleigh waves propagate in the multilayered configurations. Analysis of the particle displacement profiles along the depth of multilayered diamond/AlN/IDT/LiNbO 3 substrates at different locations along the SAW delay path was also carried out to investigate the acoustic energy confinement in multilayered SAW devices for the simulated device design parameters.
For diamond/AlN/IDT/LiNbO 3 thickness ratio of 1:0.125:10; we find that the acoustic energy is primarily confined in the LiNbO 3 layer as shown in Fig. 5 , and hence the acoustic wave propagates along surface of the LiNbO 3 substrate (Fig. 6 ). At these ECS Transactions, 13 (25) 1-12 (2008) 8 thickness ratios, we find that the acoustic velocity attained is not very high (approx. 4,100 m/s) and hence this configuration cannot be utilized to attain the GHz frequencies for the simulated IDT periodicity. On the other hand, when the thickness ratios of diamond/AlN/IDT/LiNbO 3 is changed to 1:0.125:1 by reducing the LiNbO 3 thickness, the acoustic energy is confined primarily in the diamond and AlN layers as shown in Fig. 7 .
At higher simulation times, the wave is also partly radiated into the LiNbO 3 layer in the form of bulk waves, thereby increasing the insertion loss of the device. We find that the acoustic wave modes propagating in the diamond film (Fig. 8) 
Limitations of Finite Element Simulations
A fine mesh generation is required for accurate modeling of a SAW device. The modeling of acoustic wave propagation in multilayered substrates requires at least 20 first order elements per wavelength in each of the different substrates. Hence, much higher node densities are required to model a device approaching practical dimensions. Also, the simulations are time consuming. Simulation time will increase with increasing mesh density. Another major setback arises from acoustic wave reflection from the edges if the simulations are carried out for sufficiently longer times. One of the ways to overcome this limitation would be employment of damping elements at the ends of the substrate.
While longer simulation times are necessary to attain a stable state, too long a simulation time results in wave reflections causing instabilities to set in. A simulation time of 200 ns was found to be optimum for the substrate dimensions considered in the present study.
Conclusions
We have simulated the acoustic wave propagation in high frequency devices based on multilayered diamond based substrates. We find that the acoustic wave propagation is , 13 (25) 1-12 (2008) possibility of fabricating a GHz frequency device for substrate thickness ratios when the acoustic wave propagates primarily in the diamond substrate. When the thickness of the diamond layer is smaller compared to that of LiNbO 3 substrate, then device frequency is as high as 320 MHz. This latter result illustrates the greatest advantage of using diamond as an acoustic substrate. It allows the fabrication of SAW devices operating in the gigahertz frequency range using standard optical lithography. Efforts are underway to simulate more thickness in the range 1 to 10 λ to optimize the substrate thickness to develop higher frequency devices near the GHz range with lesser insertion loss. 
